A total sample preparation method utilizing one membrane filter for all or some of the measurements by phase contrast optical microscopy (PCM), optical microscopy (OM), dispersion staining polarized microscopy (DSIPLM), scanning electron microscopy (SEM), and transmission electron microscopy (TEM), was developed in order to evaluate airborne asbestos and other mineral fibers comprehensively, including fiber number, sizes and types, in various environments. This method consists of two alternate procedures:
INTRODUCTION
Airborne asbestos fibers in working environments, where the source and type of asbestos fibers are known, are usually analyzed by phase contrast optical microscopy (PCM) in many countries with legal regulations'' 2). PCM has many advantages as a conventional analysis method: it is simpler than electron microscopic measurement, it has a long history of use in occupational environments, and risk assessment of asbestos-exposed workers has been done on the basis of the data measured by PCM. However, PCM has some drawbacks; for example, it is not specific to asbestos, it cannot distinguish asbestos fibers from other mineral fibers, and it cannot detect thin fibers but rather only comparatively large airborne fibers. Recently, the needs of asbestos measurement have been greatly changing; that is, environments to be monitored have diversified from work sites to general ambient air3~, and asbestos substitutes are actively used in industries, which means fiber types in working environment are changing, and knowledge regarding fiber carcinogenicity (dependent on fiber size, durability in the human body, etc.) is accumulated. It is widely believed that fiber type and size are both important factors in the adverse health effects of fibrous minerals4° 5). These recent changes concerning fibrous minerals including asbestos require comprehensive analysis of airborne fibers in various environments, especially determination of fiber types and size distributions, including very thin fibers. Using PCM, however, it is difficult to identify fiber type and to quantify fiber size, especially diameter, because of limited resolution.
To compensate for these limitations, electron microscopy (EM) including scanning electron microscopy (SEM) and transmission electron microscopy (TEM) has gradually been used in industrial hygiene fields6-9). Most of these EM measurements, however, have been done independently from PCM measurement, or use different filter samples from those used in PCM measurement.
Until now, it has been almost impossible for analysts to observe the same area of a filter with EM that had also been observed by PCM. Therefore, our goal was to develop a new sample preparation method for measurement by PCM, OM, SEM and TEM using the same filter sample with collected airborne dust. This method has made it possible for analysts to directly compare the results obtained by these different tools on the same filter area and fibers.
SAMPLE PREPARATION METHODS
The schema of the total sample preparation method is shown in Figure 1 . Asbestos fibers are collected on a mixed cellulose ester membrane (CE) filter with a diameter of either 47 or 25 mm and a pore size of 0.8 µm using an air sampler in various environments.
The total sample preparation method consists of two alternate procedures: parallel preparation and serial preparation. The parallel preparation method uses different portions of the same filter sample for measurements of PCM, optical microscopy (OM), dispersion staining polarized microscopy (DS/PLM), SEM and TEM. The serial preparation uses the same single filter portion for all measurements of OM, SEM and TEM (Fig. 2) . After the first measurement of OM, the same sample is also observed by SEM, and successively re-treated for TEM, which are designated as SEM(2) and TEM(1), respectively.
Of course, when the analyst needs only SEM or TEM measurement, he can directly proceed to those preparations as shown in the parallel preparation in Figure  1 . The advantage of the sample preparation methods (except TEM(2)) is that the same state on the initial filter can be observed; this is the so-called "direct-transfer method". In the TEM(2) measurements, the initial dust state on the filter was changed in the final TEM sample; this is called the "indirect-transfer method", and the analyst can adjust the dust concentration (to concentrate or dilute) on the final TEM specimen through this sample transfer procedure. 1) PCM: This traditional method is already utilized in many countries" 2). A portion of the CE filter sampled airborne dust is attached to a glass slide using acetone vapor, then a drop of triacetin solution is placed on it and covered with a cover slip. This method is detailed in the references" 2}.
2) OM: Another portion of the CE filter is attached to a glass slide using acetone vapor, so that the dust side of the filter faces the glass slide. Then lowtemperature ashing is done in an oxygen plasma asher at 280-300 watts for 30-60 minutes. By this ashing, the filter and organic materials are burnt away and inorganic dust including asbestos and other mineral fibers remained on the glass slide. The fibers on the glass slide are counted by OM in a limited area on the slide without any application of medium and cover slip. The fiber counting follows the same counting rules as the PCM method. In this measurement, it is important that the objective aperture of OM is stopped down to be able to visualize fine fibers. Of course, PCM can be used for this slide sample, but the use of OM is desirable because it gives better contrast and sharper images.
3) DS/PLM: DS/PLM has been widely used for identification of raw fibrous materials for asbestos abatement requirements for asbestos sprayed in buildings10~ However, DSIPLM measurement has not been applied to airborne fibers because of the interference of the sampling filter itself. The authors tested whether the glass slide sample after low temperature ashing could be used for measurement of DS/PLM. Applying a medium solution of a proper index to the glass slide, relatively large airborne fibers could be observed. This DS/PLM measurement can be also applied to the same filter sample used in OM observation to identify the types of relatively large fibers. As a medium solution is applied on the glass slide, the sample cannot be used for the further examination by SEM and TEM (Fig.  1 ). 4) SEM(2): After the OM measurement, the glass slide sample is set directly in the SEM instrument to observe the fibers. Without any metal coating such as gold or carbon to enhance conductivity, fibers on the glass slide can be seen by a conventional SEM. However, if the analyst uses a low-vacuum SEM, which has been recently developed and sold under the name of Environmental SEM®, Natural SEM®, Wet SEM® and etc, he can observe clearer images of the fibers without any metal coating. Using a low-vacuum SEM, fibers equivalent to those observed by OM (longer than 5 µm and with a minimum detectable fiber diameter of about 0.25 µm), can be observed at magnifications of about 2,000 or 4,000 x on the CRT screen directly (visually). All the fibers corresponding with the above ranges are counted at this magnification for a certain area. Energy dispersive X-ray (EDX) analysis can be done for each fiber when the analyst uses an analytical SEM, but he must pay attention to contaminant X-rays from the base of glass slide, such as Si, Al, Ca, Na, etc. 5) SEM(2-1): When the analyst does not intend to conduct further measurement by TEM, as in the case of parallel preparation, the following sample preparation can be used. A piece of the CE filter is attached to a small nickel plate (about 1 cm2) using acetone vapor, and then ashed in a oxygen plasma asher at 280-300 watts for 30-60 minutes.
After carbon evaporation coating is applied on the surface, it is mounted on an SEM specimen disk using conductive carbon adhesive tape and carbon paste to enhance the electron conductivity. Fibers on this specimen are clearly observed by a conventional SEM instrument and their chemical composition can be analyzed by EDX analysis without any interference of characteristic X-ray peaks from the base plate, with the exception of nickel X-ray peaks. The technical flow chart for this preparation is shown in Figure 3 .
6) TEM(1):
After the OM and/or the SEM(2) measurements, the glass slide sample is used in the TEM(1) method, which is a "direct-transfer method", in serial preparation.
The flow chart for this procedure is illustrated in Figure 4 . The sample area on the slide is marginated ("corner-affixed") with cellophane adhesive tapes (Cellotape®, Nichiban Co., Japan) and covered with 8-9% of polyvinyl alcohol (PVA) solution using a pipette. The volume is about 1-2 ml for about 2-3 cm2. The PVA solution on the slide is dried for a few hours at about 50°C (must not exceed 60°C) or overnight at room temperature.
The dried PVA film is removed and turned over (dust side up) and fixed again on the glass slide with new cellophane tapes. After application of relatively heavy carbon evaporation (about 30-50 nm in thickness) on the surface of the PVA film, lattice streaks are made at 2-3 mm intervals on the carbon layer using a sharp knife. The whole film is floated on hot water in a beaker (500 ml) for several hours to dissolve the PVA film. The beaker should be slightly heated in the mantle-heater, maintaining the high temperature at about 80° to 70°C. Small pieces of floating carbon film (2-3 mm square), holding mineral particles, are picked up by 100-200 mesh nickel TEM grids. Generally, 5 to 10 specimen grids are produced. 7) TEM(2): Half of the CE filter can be used for the TEM(2) method, which is an "indirect-transfer method", in parallel preparation". This procedure is illustrated in Figure 5 . A half of the filter is attached to a clear glass slide using acetone vapor with the dust side facing the glass slide and ashed in a low-tem- perature plasma asher for about one hour. To suspend the residual mineral dust in isopropanol, the surface of the glass slide is wetted with a few droplets of isopropanol and shaved with a new and oil-removed blade. Both the glass slide and the blade holding the residual dust are then immersed in about 50 ml isopropanol (which should be filtrated by CE filter with a pore size of 0.2 µm Flow chart of the sample preparation method for TEM(2). before use) in a 100-m1 conical flask, and the dust particles are dispersed by ultrasonification for a short time (about 30 seconds). The suspension is filtrated through a polycarbonate (PC) filter with a pore size of 0.2 µm and an effective area of 2.0 cm2. When a CE filter of 47 mm in diameter (the effective diameter is 40 mm) is used, because the effective filtered area is about 12.6 cm2, the dust sample on the half of the CE filter is condensed on the PC filter by about three times through this preparation.
If the analyst wants to dilute the initial dust concentration, he may use a smaller portion of the initial filter than the effective area of the next PC filter. The PC filter is then vacuum-coated with a relatively heavy carbon evaporation and a few pieces of the filter (2-3 mm square) are cut out. These small filter pieces are placed on 100-200 mesh nickel TEM grids in a petri dish with chloroform (Jaffe washer) and left overnight or for a few days to dissolve the PC filter.
For more rapid and better dissolution of the filter, a condensation washer, consisting of a flask, condenser and cold finger assembly with the mantle-heater, is effective9~. Maintaining the dust on the carbon film, the TEM specimen grid is completed.
RESULTS
Comparison of the data measured by PCM, OM and TEM methods on the samefilter sample
Recently it has been widely recognized that the carcinogenicity of asbestos is strongly related to fiber sizes. Therefore, it is important to know the size distribution of fibers in addition to concentrations in working environments. These results will help explain the actual dose-response relationship of asbestos. Using the total sample preparation method, the concentration and size distribution of airborne asbestos in an asbestos factory were measured by the PCM, OM, and TEM methods.
The factory had been making asbestos cement boards using chrysotile and amosite, but stopped using amosite in 1994. Air samples of about 300 liters were collected in 1992 on CE filters of 25 mm in diameter at the work sites where opening asbestos bags and milling occurred.
The sample preparations for each instrument followed the methods mentioned above. Chrysotile fibers observed by the measurements of the PCM, OM and TEM(1) method are shown in Figure  8 , compared at the same magnification. The sharpness of the images is, in the descending order, TEM, OM and PCM. The photograph by the TEM(1) method in Figure 8 can be further enlarged, as shown in Figure 9 . We can also see from 2) The fiber concentration and size distribution of airborne asbestos: The asbestos fiber concentrations were obtained by the measurements using the PCM, OM and TEM(1) methods (Table 1) . As a reference, the data measured by PCM for filter samples treated only with acetone vapor but not triacetin are shown as PCM (*) in Table 1 . Fiber counting by PCM and OM were done at the magnification of 400 x. All fibers longer than 0.5 µm in length and wider than 0.02 µm in diameter were counted by the TEM(1) measurement, and as examples, the size distribution data for samples 1 and A in Table 1 are shown in Figures 10 and  11 . Asbestos types on the filter were chrysotile for samples 1-5 and mostly amosite for samples A-E in Table 1 . The TEM data in Table 1 are the concentrations calculated for only fibers longer than 5 µm and wider than 0.2 µm in diameter (the PCM-equivalent fibers6~) within all the observed fibers. The fiber concentrations obtained by OM were about two times higher than those of PCM. The concentration data by TEM(1) were also higher than those of PCM by about 2-4 times, and a little bit higher than those of OM.
When the concentrations of chrysotile and amosite fibers were compared between data for PCM and TEM(1), the concentrations of chrysotile fibers obtained by TEM(1) were 3-4 times (3.87 on average) higher than those obtained by PCM, whereas the concentrations of amosite were 2-3 times (2.17 on average) higher, as indicated in Table 1 . This means that using PCM, it is slightly more difficult to see chrysotile fibers than amosite fibers. However, when the ratios of TEM/ OM were compared for each asbestos type, they were not so different, as shown in Table 1 ; this means that OM can visualize well for the both kinds of fibers.
3) The minimum fiber diameters detectable by PCM: As shown in Figures 10  and 11 , the diameter of chrysotile fibers were mostly thinner than those of amosite fibers. Amosite fibers had diameters on the order of 0.2-0.3 µm, while chrysotile fibers measured 0.01-0.1 µm. When the asbestos concentrations were calculated for all these fibers, chrysotile concentration was 11.51 f/ml, and that of amosite was 1.24 f/ml. These concentrations were about 18 and 11 times of those measured by PCM, respectively; in other words, only 6% of chrysotile fibers and 9% of amosite fibers were counted by PCM. Table 2 shows the fiber concentrations calculated by fiber diameter, within all the fibers measured by TEM. From this data, it was estimated that fibers larger than about 0.5 µm in diameter can be detected by the current PCM method. In our previous data12~, the detection limit of PCM was estimated to be about 0.4 µm. The OM method can visualize thinner fibers than can be seen by the PCM method at the same magnification, as shown in Table 1 .
4) SEM observation
for uncoated samples: The SEM photographs in Figure 12 were obtained by a low-vacuum SEM without any metal evaporation coating, showing airborne amosite fibers in work site B in Table 1 . It is clearly shown that satisfactorily clear images of fibers can be obtained by a low-vacuum SEM for samples without metal coating, so that the SEM(2) specimen can be used for the TEM(1) preparation method for TEM observation. diameters less than about 0.4 µm because of limited resolution12). These small fibers are believed to have major significance in carcinogenicity.
Since the end of the 1970s, several researchers have suggested that fiber size is an important factor of carcinogenicity. Stanton, et al. (1978 Stanton, et al. ( , 1981 13 ) and Pott (1978 Pott ( , 1980 x,14), based on the animal experiments of mineral fibers, presented the idea that carcinogenicity of fibers increases as fiber length increases and diameter decreases: in particular, that fibers thinner than 0.25 µm and longer than 8 µm show the strongest carcinogenicity. The PCM method cannot detect these thin fibers, so the most dangerous fibers are not monitored by the PCM method. By contrast, TEM can resolve even the finest fibers that may be present and it can specifically identify such fibers. At present, TEM is a satisfactory method for monitoring and measuring these fine fibers. Actually, the Asbestos Hazard Emergency Response Act (AHERA) was enacted in U.S.A. in 1986, mandating the Environmental Protection Agency (EPA) to take certain actions to control asbestos hazards in schools. According to the act, EPA issued "Final Rule and Notice"') mandating TEM measurement as a method to confirm clearance after asbestos-abatement operations.
Since the carcinogenicity of asbestos was widely confirmed, industries which had used asbestos fibers for their products gradually stopped or decreased their use of asbestos, and instead began to use asbestos substitutes in their products, such as man-made mineral fibers, whiskers, and some other natural mineral fibers. By these industrial changes, airborne fibers in working environments sometimes consist of other fibers as well as asbestos. Moreover, according to biological studies of mineral fibers by many researchers, it has also been revealed that the carcinogenicity of mineral fibers may depend upon not only on fiber size, but also on fiber types. For example, it was summarized by Doll (1989) 15 ) that the carcinogenicity of crocidolite is most strong within asbestos, and amosite follows it, and chrysotile is lowest. On the contrary, chrysotile showed higher incidence of mesothelioma than amosite and crocidolite in animal experiments using rats16), while erionite fibers, a zeolite mineral, showed stronger carcinogenicity than crocidolite, amosite, or chrysotile in an experiment using mice"). The author's group found an asbestos size whisker (rutile whisker) which did not show any carcinogenicity in the examination by intraperitoneal injection in rats'g). Thus, it is important to know which fibers have strong carcinogenicity and which fibers are safer. This suggests the needs for measurement of airborne fibers for each fiber type will increase in the future.
Until now, many measurements by SEM and/or TEM have been undertaken in many environments5, 19) , but these EM measurements were done independently from PCM measurement or using different filter samples than those used for PCM measurement. Given these conditions, the authors developed new sample preparation methods for OM, DS/PLM, SEM, and TEM measurements of mineral fi-bers on the same filter sample with collected airborne dust. The technique of lowtemperature ashing of a membrane filter attached to a glass slide was first developed for these preparation methods.
This technique is simple but very important for these preparation methods.
As shown in Figure 1 , most sample preparation methods developed in this study were accomplished using this low-temperature ashing. These newly-developed sample preparation methods, as well as the traditional PCM method, were combined to develop a total sample preparation method in this paper.
When the analyst intends to measure the fibers on a filter by EM in addition to PCM measurement, the air sampling work load decreases because one filter sample can be used for all these measurements, and he can directly compare the results obtained by these different measurements on the same filter area. Comparing the photographs taken by the PCM and OM method in Figures 6 and 7, we can see the OM photograph shows sharper images and better contrast than that of PCM. Actually, the fiber concentration data obtained by the OM method was higher than that of the traditional PCM method (Table 1 ). The results by the OM method (Table 1) are equivalent to the data calculated for fibers larger than 0.3 µm in diameter in Table 2 , indicating that the OM method can observe fibers larger than 0.3 µm in diameter, while the PCM method, as mentioned previously, only detects fibers larger than 0.4-0.5 µm in diameter.
Thus, counting error due to each analyst would become smaller in the OM method than in PCM. It is concluded that the OM method employing low-temperature ashing is suitable for fiber counting and can produce precise data. Using low-temperature ashing, DSIPLM measurement for airborne mineral fibers was also tested and became possible in this study.
The TEM photographs in Figures 8 and 9 taken by the TEM(1) method show a very wide field in a single picture, almost equivalent to that of PCM or OM, because it is obtained at a very low magnification of 200 x. Furthermore, it shows far clearer images of chrysotile fibers than those obtained by PCM or OM. We confirmed that the TEM(1) method can visualize almost all fibers down to 0.02 µm in diameter even at a low magnification such as 200 or 400 x and provide us with a satisfactory data for size distributions of fibers. The TEM methods by NIOSH'~, EPA's and ISO8~ employ a direct-transfer procedure without using PVA solution.
The procedure seems to be easier than our direct-transfer procedure of TEM(1), which uses PVA solution.
However, as shown in this paper, the TEM image by TEM(1) is clear and can show a very fine fibers by observation at low magnifications.
Therefore, the analyst can select and employ the best TEM method among these methods according to his purpose.
Both parallel and serial preparation methods will be useful for the measurement of various fibers in airborne dust as well as in raw materials using comprehensive instruments such as PCM, OM, DSIPLM, SEM and TEM. water, etc., have also been analyzed by the authors using this total method.
In conclusion, we can obtain comprehensive data, including number, sizes, and types of fibers, for one filter sample using various measurements such as PCM, OM, DS/PLM, SEM, and TEM, by applying this total sample preparation method.
The comprehensive data can contribute to the study of adverse health effects of asbestos and other fibers, and to an understanding of actual dose-response relationships.
